Radium, thorium, and radioactive lead isotopes in groundwaters: application to the in situ determination of adsorptiondesorption rate constants and retardation factors. Water Resour. Res., 1982Res., , 18, 1663Res., -1675. Kozowska, B., Walencik, A., Dorda, J. and Zipper, W., Radon in groundwater and dose estimation for inhabitants in spas of the Sudety Mountain area, Poland. Appl. Radiat. Isot., 2010, 68, 854-857. 19. Zouridakis, N., Ochsenkühn, K. M. and Savidou, A., Determination of uranium and radon in potable water samples. CATALYSED exchange of deuterium (D) between hydrogen (H) gas and liquid water (liquid phase catalytic exchange (LPCE) reaction) using bi-thermal hydrogen water (BHW) process is receiving considerable attention for heavy water production 1 . This is because it is more energy-efficient and environment-friendly compared to the existing 'girder sulphide' and 'ammonia-hydrogen' processes. The catalysed exchange involves two stepsfirst, deuterium exchange between hydrogen gas and water vapour at the catalytic site and subsequently equilibration of deuterated water vapour with liquid water at gas-liquid interface, which results in the transfer of deuterium from gas to liquid phase. Success of the process requires simultaneous presence of H 2 gas and water vapour at the catalytic site and easy accessibility of liquid water to water vapour involved in isotopic exchange reaction. However, because the solubility of H 2 gas in water is poor, if the catalytic site is covered with liquid water, the exchange of deuterium between hydrogen gas and water vapour is highly impeded 2 . Therefore, a primary requirement for the LPCE process is that the catalyst should allow access of gaseous reactants to the catalytic RESEARCH COMMUNICATIONS CURRENT SCIENCE, VOL. 109, NO. 10, 25 NOVEMBER 2015 1861 However, these show good activity only up to atmospheric pressure and rapidly lose activity as the pressure is increased above atmospheric pressure. This has limited the use of the LPCE process for relatively low-throughput applications like removal of tritium from heavy water of the moderator used in pressurized heavy water reactor operation 10 . The reduction in catalyst activity at higher pressure is believed to arise due to ingression of water at such pressure through pores in the fibrous network or mesh structure of the commonly used hydrophobic binders like PTFE and SDBC. Indeed, the studies carried out by Malhotra et al. 11 showed how the size and distribution of pore in binder contribute to the loss of activity at higher pressure. To address this issue, we have explored different approaches like high-pressure melting of PTFE film, PTFE overcoat, coating of other binders like polyvinylidenedifluoride (PVDF), perfluoroalkoxyalkanes (PFA), etc. to control the porosity of the film. These studies have led us to the successful development of hydrophobic platinumdoped carbon aerogel (PtCA) catalyst that shows good catalytic activity even up to 20 bar.
The use of catalysed exchange of deuterium (D) between hydrogen (H) gas and liquid water using the bithermal hydrogen water (BHW) process is a promising and environment-friendly approach for the production of heavy water. However, the use of this approach is limited by the lack of a suitable catalyst that has good activity at high operating pressures required for practical applications. We report the development of hydrophobic platinum-doped carbon aerogel (PtCA) catalyst which shows good catalytic activity for H/D isotope exchange reactions at operating pressures up to 20 bar.
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CATALYSED exchange of deuterium (D) between hydrogen (H) gas and liquid water (liquid phase catalytic exchange (LPCE) reaction) using bi-thermal hydrogen water (BHW) process is receiving considerable attention for heavy water production 1 . This is because it is more energy-efficient and environment-friendly compared to the existing 'girder sulphide' and 'ammonia-hydrogen' processes. The catalysed exchange involves two stepsfirst, deuterium exchange between hydrogen gas and water vapour at the catalytic site and subsequently equilibration of deuterated water vapour with liquid water at gas-liquid interface, which results in the transfer of deuterium from gas to liquid phase. Success of the process requires simultaneous presence of H 2 gas and water vapour at the catalytic site and easy accessibility of liquid water to water vapour involved in isotopic exchange reaction. However, because the solubility of H 2 gas in water is poor, if the catalytic site is covered with liquid water, the exchange of deuterium between hydrogen gas and water vapour is highly impeded 2 . Therefore, a primary requirement for the LPCE process is that the catalyst should allow access of gaseous reactants to the catalytic site, and should have a hydrophobic surface so that water does not cover the catalytic sites 3 . Further, for a high throughput for the LPCE process, it is desirable that the catalyst should remain active at high pressure so that water remains in the liquid phase at high temperature (130C) of operation 4 . Since the first patent published by Stevens for hydrophobic catalyst in 1972, several efforts have been made for the development of wet-proof catalyst using different support materials (activated carbon, silica, nickel foam, etc.) 5, 6 , active metals (Pt, Ru, Rh, Ti, Cr, etc.) 7, 8 and binders (polytetraflouroethylene (PTFE), emulsion coating, PTFE extrudes/thin films, styrenedivinylbenzene copolymer (SDBC) granules/coatings and silicone resins) 9 . However, these show good activity only up to atmospheric pressure and rapidly lose activity as the pressure is increased above atmospheric pressure. This has limited the use of the LPCE process for relatively low-throughput applications like removal of tritium from heavy water of the moderator used in pressurized heavy water reactor operation 10 . The reduction in catalyst activity at higher pressure is believed to arise due to ingression of water at such pressure through pores in the fibrous network or mesh structure of the commonly used hydrophobic binders like PTFE and SDBC. Indeed, the studies carried out by Malhotra et al. 11 showed how the size and distribution of pore in binder contribute to the loss of activity at higher pressure. To address this issue, we have explored different approaches like high-pressure melting of PTFE film, PTFE overcoat, coating of other binders like polyvinylidenedifluoride (PVDF), perfluoroalkoxyalkanes (PFA), etc. to control the porosity of the film. These studies have led us to the successful development of hydrophobic platinumdoped carbon aerogel (PtCA) catalyst that shows good catalytic activity even up to 20 bar.
In our earlier studies we had mixed PtCA powder synthesized by in situ sol-gel polymerization method with colloidal PTFE solution and coated on Dixon rings to obtain the hydrophobic catalyst 12 . This catalyst showed good catalytic activity for hydrogen isotope exchange in atmospheric pressure conditions. However, the catalytic activity was observed to decrease rapidly as the operating pressure was increased above atmospheric pressure. Although attempts to control the porosity of the film by use of high-pressure melting of PTFE film did not succeed, coating of another hydrophobic binder PFA on PtCA/PTFE catalyst led to retention of activity at higher pressure. Figure 1 shows the SEM images (Carl Zeiss Sigma FESEM) of PTFE and PFA hydrophobic films coated on Dixon rings. Figure 1 a shows fibrous/mesh structure with small opening of the order of 400-500 nm in PTFE film. Further magnified image of these films (Figure 1 b) shows cracks in them, which may be due to the low viscosity of PTFE in molten state. In contrast, the catalyst having a coating of PFA on PTFE film ( Figure  1 c) shows a continuous void-free surface morphology and the average pore diameter is of the order of 10-12 nm. This may be because of the lower viscosity and melt flowable property of PFA.
However, with additional coating of PFA over PTFE film, the catalytic activity measured in terms of column efficiency of the isotopic exchange at 35C and atmospheric pressure reduced from ~ 30% to ~10%.
An improvement in the activity of the catalyst can be achieved by improving the surface area of the catalyst and dispersion of Pt in it. With this objective we carried out CO 2 activation at high temperature (~900C) of carbon aerogel (CA) prepared using the method described in our earlier work 13 . Table 1 summarizes the textural properties of carbon aerogel and CO 2 -activated carbon aerogel (ACA) determined using surface area analyser (Micromeritics, ASAP2020). CO 2 activation increases total surface area and mesopore surface area.
For loading Pt in CA, hexachloroplatinic acid was dissolved in ethylene glycol and then impregnated on carbon aerogel by microwave-assisted polyol process, which is known to be an efficient method for dispersion of Pt nanoparticles in carbon support 14 . Figure 2 shows TEM images (Philips, CM200) of the Pt-impregnated CA and ACA powder. On CO 2 -activated carbon aerogel (Figure  2 a) , well-dispersed platinum with average cluster size 2.4 nm can be seen. In contrast, a very broad particle size CO 2 activation of carbon aerogel not only leads to an increase in the surface area, but also to an increase in defects sites. Evidence for the latter was provided by the observed increase in the intensity of the 1348 cm -1 D band of the Raman spectra of ACA (Figure 3) . These factors may contribute to the observation of better Pt dispersion in ACA 15 . Figure 4 shows the XRD powder diffraction (Rigaku) spectra of both the samples. The very broad peak for Pt ACA is indicative of smaller Pt particle size. The average size of the Pt particles determined by Scherer formula based on Pt(111) peak was 1.8 nm for Pt ACA as against 4.2 nm for CA without activation.
Chemisorption of hydrogen on Pt surfaces was also carried out as it provides the most reliable data concerning true concentrations of active Pt surface sites on supported catalyst compared to those estimated from particle size measured by TEM and XRD. The chemisorption results using hydrogen gas show Pt dispersion of 17.6% for CA and 36% for ACA; the estimates for Pt particle size using dispersion values were 6.3 and 3.1 nm respectively. All these measurements confirm that better dispersion of platinum is achieved in CO 2 -activated carbon aerogel.
Performance of the catalyst prepared using PFA binder on PTFE/PtACA was tested for H/D exchange reactions in a high-pressure-high-temperature testing column. Deuterated water (~700 ppm HDO) was fed at the top of the column and natural hydrogen gas (~50 ppm HD) was fed from the bottom. Isotope exchange takes place between water and gas which are flowing in counter current manner in the reaction column. The catalytic performance was where y b is the HD concentration in the hydrogen gas at the bottom, y t the HD concentration in the hydrogen gas on the top of the column and y e is the HD equilibrium concentration in the hydrogen gas at the outlet 16 . The column efficiencies were measured at temperatures varying from 35C to 70C and for varying gas flows and pressures. The results are shown in Figure 5 a. At atmospheric pressure and H 2 flow rate of 2 lpm, efficiencies of 60% at 35C and 95% at 70C were obtained. These values compare favourably with previous reports where at 70C under similar gas flow conditions, efficiencies varying from 75% to 85% have been reported 8, 17 . The increase in exchange efficiency with increase in temperature is expected because the increase in water vapour pressure at higher temperature helps H/D catalytic reaction between water vapour and H 2 gas. The catalyst was tested for values above the atmospheric pressure up to 20 bar at 70C. Figure 5 b shows the measured catalytic activity as a function of pressure. Efficiency can be seen to reduce from 95% at atmospheric pressure to 21% at 20 bar. After operation at pressure of 20 bar, when the same catalyst was again tested at atmospheric pressure, no degradation in the activity was observed. These results suggest that high pressure operation does not lead to loss of hydrophobicity and that the observed decrease in efficiency on increasing the pressure is due to decrease in wt.% water vapour content with increase in pressure.
To conclude, we have demonstrated that an appropriate coating of PFA on PTFE/PtCA-coated catalyst leads to a continuous void-free structure, which helps achieve good catalytic activity for the LPCE process even up to 20 bar.
